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Abstract

The neurobiological mechanisms of opiate addictive behaviour in humans are unknown. A proposed model of addiction implicates
ascending brainstem neuromodulatory systems, particularly dopamine. Using functional neuroimaging, we assessed the neural
response to heroin and heroin-related cues in established opiate addicts. We show that the effect of both heroin and heroin-related
visual cues are maximally expressed in the sites of origin of ascending midbrain neuromodulatory systems. These context-specific
midbrain activations predict responses to salient visual cues in cortical and subcortical regions implicated in reward-related
behaviour. These findings implicate common neurobiological processes underlying drug and drug-cue-related effects.

Introduction

In humans the biological mechanisms through which drugs ofaddiction (Schultz, 1992; Shippenbestal.,, 1992; Wise, 1992). The
addiction and drug-related cues exert their effects are largely unknowmeinforcing effects of opiates can be ascribed to direct pharmacological
Neurobiological processess which are well described in animals havactions (unconditioned stimulus, UCS) or to the effects of stimuli
yet to be demonstrated in humans. We address this question, usitigat have acquired salience through temporal association with drug
functional neuroimaging, by studying opiate addicts during exposur@xposure (conditioned stimulus, CS) (Robinson & Berridge, 1993).
to heroin and heroin-related visual cues. Our experimental desig€ues associated with drug use may thus elicit conditioned craving,
enabled us not only to examine for the effect of the drug but alsas well as conditioned drug and conditioned-withdrawal-like effects
drug cues and their interaction. Using a novel data-led approach wgChildresset al., 1986). In animals, exposure to stimuli previously
were also able to assess how a region of activation, common to thessociated with drugs increases the firing of VTA dopaminergic
effects of both drug and drug cues, selectively influenced theneurons (Schultz, 1992), potentiates release of dopamine in the
processing of salient drug cues. nucleus accumbens (Fontaea al., 1993) and modulates cerebral
An important neurobiological model of opiate addiction dissociatesactivity in target areas of the ascending dopamine system (Trusk &
neural systems mediating positive from those mediating negativ&tein, 1988). These effects mirror increased dopamine release in the
reinforcement (Wise & Bozarth, 1987). The locus coeruleus anchucleus accumbens in response to cues predicting ingestive and sexual
periaqueductal grey matter in the brainstem are implicated in theeward (Phillipset al., 1991).
opiate withdrawal syndrome, i.e. negative reinforcement (Legradi Interactions between neuromodulatory dopaminergic systems
et al, 1996). Neural systems implicated in reward or positiveascending from the brain stem, and target limbic regions are critical
reinforcement include the brainstem ventral tegmental area (VTAjn addictive behaviour (Robbinst al, 1989; Robbins & Everitt,
and its target regions, which include ventral striatum as well asl996). The meso-amygdaloid system has a crucial role in acquisition
limbic, cingulate and prefrontal cortex (Kiet al., 1986; Wise, 1987; of addictive behaviour due to its role in the formation of associations
Schulteis & Koob, 1994; DiChiara, 1995; Altmaet al., 1996; between UCS and CS (Cadet al, 1989; Williamset al, 1993;
Masterman & Cummings, 1997). The ‘psychomotor stimulant’ andWhitelaw et al., 1996). It could be expected to have a central role in
‘incentive motivation’ theories of addiction describe a central role ofthe aquisition of salience by opiate-related cues. In addition to the
ascending dopamine pathways in this mesolimbocortical system iwell established role of dopamine, reward mechanisms have been
driving drug-seeking behaviour. demonstrated to involve nondopamine-dependent processes (Koob,
An important pharmacological effect of heroin is disinhibition of 1992b).
VTA y-aminobutyric acid (GABA) interneurons. This results in  The present study was designed to explore the relevance of these
increased firing of VTA dopaminergic neurons (DiChiara & North, findings in real life situations by studying heroin addicts during
1992; Koob, 1992a; Wise, 1996; Schulet al, 1997) and thus exposure to both drug-salient cues and heroin. We used positron
activation of the mesolimbic dopamine system. Behavioural modelgmission tomography (PET) to index neural activity in a2
of reward, including intracranial self stimulation and conditioned factorial design, with the presence or absence of heroin as one factor,
place preference, also implicate the mesolimbic dopamine system iand the presence or absence of salient visual cues as a second factor.
We predicted that heroin exposure would result in activation of the
mesolimbic dopamine system. Secondly, on the basis of single cell
CorrespondenceDr L. A. Sell, Drugs North West, Mental Health Services nheurophysiology data (Schul&t al, 1997) we predicted that salient
of Salford, Bury New Road, Manchester M25 3BL, UK. cue exposure would result in a similar pattern of activation. Our
E-mail: Louchn@aol.com experimental design also allowed us to examine interactions between
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TaBLE 1. Study design. Subjects underwent six scans on each day, watching a video during each scan, and on each day receiving a single injection of her
or placebo after the second scan and ratings. Therefore scans 3-6 are designated as placebo or heroin condition. Visual analogue scales (‘Ratings’) v
measured at baseline and immediately after each scan (see Figs 1 and 2). The results of these are in Figs 1 and 2. The order of Days A and B was rando
counterbalanced.

Scans Base-line 1 2 3 4 5 6
‘Ratings’ ‘B’ ‘nl’ ‘d1’ ‘n2’ ‘d2’ ‘n3’ ‘d3’
Day A
Video condition Neutral Salient Neutral Salient Neutral Salient
Drug condition Pre-injection Pre-injection Placebo Placebo Placebo Placebo
Day B
Video condition Neutral Drug Neutral Drug Neutral Drug
Drug condition Pre-injection Pre-injection Heroin Heroin Heroin Heroin

ascending neuromodulatory systems would enhance neural respong$®sT data aquisition, subjects viewed, alternatively, a colour video of
to salient visual stimuli (i.e. to a drug video) in the brain systemsa volunteer assembling a neutral household object and a salient colour
implicated in reward. We tested this third prediction by examiningvideo showing a different volunteer preparing and administering
for an interaction between brainstem activity and the presence dneroin by injection. Each video lasted 5 min and PET data aquisition
absence of saliency in the visual stimuli (drug versus neutral video)started during the final 40 s of the video.
This constitutes a psychophysiological interaction and was tested for ‘Ratings’ data were gathered during the 3 min which elapsed
with statistical parametric mapping (SPM) and suitable regressors, dsetween each video, according to the cyclotron activity cycle. The
described previously (Fristoet al., 1997). ratings were subjective measures using verbal analogue scales (VAS)
(1-10) of; craving for heroin (VAS ‘craving’), desire for a hit
Methods (VAS ‘hitdesire’), desire to leave and score (VAS ‘hitdrive’), feeling
high (VAS ‘high’), withdrawal symptoms (VAS ‘with’), feeling happy
Subjects were 10 male in-patients at the detoxification unit of thgVAS ‘happy’), feeling tense, (VAS ‘tense’) (Sett al., 1995). These
Bethlem Hospital. All were current heroin injectors over 18 years ofmeasures were taken at baseline and after each scan, in order
age, and gave informed consent to the procedure which was approvéa calculate a change from baseline for each scan. A composite
by the local hospital ethics committee. Serious psychiatric or medicaineasurement ‘urge to use’ was calculated by summing the change
illness, alcohol dependence in the last two years, or a history ofrom baseline responses to the VASs ‘craving’, ‘hitdesire’ and
cocaine or amphetamine dependence, resulted in exclusion. Mean afpédrive’, giving a possible maximum ‘urge’ rating of 30.
was 31.6 years (range 23-39 years). All were white Caucasian. Mean Each subject was given placebo or heroin after the second scan
length of heroin use was 12.4 years (range 2—19 years), of dependenaed video. Subject and scanning staff were kept strictly blind to the
8.7 years (range 2-16 years) and of injecting drugs 9.5 years (rang®ndition. The only person who knew was the administering doctor
1-18 years). They had a mean of 2.8 previous in-patient detoxificatiowho prepared and gave a single intravenous bolus, following the
treatments (range 0-5). Eight received a prescription for methadonrgame procedure and using the same words on each occasion. Thus
prior to admission (mean daily dose 28.75 mg; range 15-50 years)he subject knew they were receiving an injection but were reminded
All used heroin and two used illicit methadone. The total daily that it could be placebo or heroin each time. The heroin dose for
methadone equivalent dose, taking account of prescribed and illickach patient was predetermined according to a sliding scale from
methadone and heroin, and assuming 1 g of street heroin is equivaleb® mg to 30 mg depending on their methadone dose, but in the event
to 60 mg of methadone, was 54 mg (range 27-110 mg). Subjectsll received 20 mg.
injected a mean of 2.89 times daily (range 1-6 times). Seven currently PET data acquisition and analysis was performed using methods
used diazepam, one on a daily basis. The mean weekly dose, includimigscribed previously (Talairach & Tournoux, 1988; Fris&mnal.,
prescribed and illicit sources, of those who used diazepam wa$991; Fristonet al, 1995a,b). Scans of the distribution of¥D
213 mg (range 37.5-750 mq). All had drunk alcohol, and three didvere obtained using a Siemens/CPS ECAT EXACT HRET
so currently. All had used cannabis, of whom, five still did. All had Scanner operated in high sensitivity 3D mode. Subjects received a
used amphetamine but none did so currently. Eight subjects had uséotal of 350 Mbq of B0 intravenously over 20 s through a forearm
cocaine, of whom, seven still did on rare occasions. Seven had usennula for each of the 12 scans. Integrated activity was measured
LSD and seven ecstasy; neither drug was currently used by angver a 90-s time window. The PET images comprised i, j, and k
subject. No subject used: barbiturates, although four had in the pastpxels (2X 2 X 3 mm) with a 6.4-mm transaxial and 5.7 mm axial
solvents, although three had in the past; or other opiates, althougtesolution (full width at half maximum). The data were analysed
three had in the past. with SPM (SPM96, Wellcome Department of Cognitive Neurology,
Subjects underwent methadone dose titration, and stabilizatiohondon) implemented in Matlab (Mathworks, Sherborn, MA, USA).
using single blind methadone administration occurred on days 1 an8tructural T-weighted MRIs from each subject were coregistered to
2 following admission to hospital. Four subjects who were codependthe PET data following realignment of the PET time series (Friston
ent on benzodiazepines were also stabilized on diazepam. et al, 1995b). All scans were then transformed into a standard
Subjects had a magnetic resonance scan (MRI) on day 3. PEStereotactic space (Talairach & Tournoux, 1988). The scans were
scans were performed on days 3 and 5, according to the design showmoothed using a Gaussian filter (12 mm full width at half maximum).
in Table 1, counterbalancing for order of placebo and heroin. At 8.3 blocked (by subjectpncova model was fitted to the data at each
am on scanning days, subjects were given 50% of the total methadowexel, with condition effects for the drug and video experimental
dose they had consumed during the previous 24 h. Diazepam wasriables, and global CBF as a confounding covariate (Fristaat.,
maintained at a constant dose for the duration of the study. During995a). Predetermined contrasts of the condition effects at each voxel
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were assessed using the ustastatistic, giving an SPM map for each pairs of covariates at each voxel in the brain were tested directly in
contrast (Fristoret al, 1991). The general methods employed by SPM96 to produce a SPkJshowing voxels in which the contribution
SPM are described in detail by Fristeh al. (Fristonet al, 1995b).  of midbrain activity changed significantly as a function of experimental
In the regression analysis, the regional CBF (rCBF) values at theondition.
maximal focus of activation in the midbrain in the drug main-effect
analysis, were grouped into pairs of covariates corresponding to th
experimental conditions, i.e. drug video and neutral video. These se
of values were then used as covariates of interest in SPM96 to produdégures 1 and 2 show the self report of urge to use heroin and feeling
a separate analysis of psychophysiological interactions (Fredtah, high across the scanning sessions. The subject self report data, rated
1997). Differences between the regression slopes obtained for that baseline and after each scan on a visual analogue scale, demonstrated
the effectiveness of the experimental design. Repeated measures
analysis of variance indicated an effect of heroin on the report of
feeling high £, = 12.65,P < 0.01). Injection of heroin was associ-
ated with reports by subjects that they felt high. There was no
significant effect on the subjects’ self report of symptoms of with-
drawal. The salient visual cue (video) had a significant effect on the
composite rating of reported urge to use herolf; € 14.11,
P < 0.01); there was also an effect of session order on urge to use
(F1 = 6.34, P <0.05) and an interaction of video by tim&q(=
7.84,P < 0.05). Exposure to this set of conditioned cues therefore
was associated with a reported urge to use heroin. The effect of time
may reflect habituation to the repeated videos. This observation merits

sesults

15

Urge

£ P o = o pes T cons_ideration _quite a_part from the scan data reported here and will
be discussed in detail elsewhere.
Ratings at baseline and during scans 1to 6 The contrasts of condition-specific effects employed in analysing

. - ) ) the scan data tested for the main effects and interactions, with results
Fic. 1. Urge to use heroin. The subjective urge to use heroin obtained b ted at ted | Lin brai . h tivati
summing responses to three visual analogue scales rated at baseline (B) fported at an uncorrecied level In brain regions where activalions

after each scan (nl to d3,=aneutral cue; d= drug-salient cue). were predicted. Unpredicted activations are reported Only if they
survived correction for the effect of multiple comparisons in the
4.0 entire brain volume (see Fig. 3 and Table 2). Heroin administration
35 resulted in significant activatiorZ(= 4.37,P < 0.001, uncorrected)
» in the midbrain within an area centred on the periaqueductal grey but
3.0 ®
: L
25 I .\ & o m o B
= y 7t TaBLE 2. Stereotactic co-ordinates and statistical significance of brain activity
% 20 .I in the contrasts comparing the heroin and placebo conditions, comparing the
15 I salient video and nonsalient video conditions, and showing the interaction
' K between heroin and salient video conditions.
1.0
fo es®® Bug,, - Brain area X y z Z-score P-value
5 '5..a.““‘wl'.-,,.lnl L] -..,un'lu.Hemm : -
0.0 jomm w v 8 Placebo Heroin condition
B nt d1 n2 d2 n3 d3 Midbrain 0 -26 -12 437  <0.001*
Salient video condition
Ratings at baseline and during scans 1 - 6 Midbrain 0 -22 -6 4.47 <0.001*
Insula -38 10 -8 4.56 <0.05*
Fic. 2. Feeling high. The subjective report of feeling high obtained by ratinglInteraction heroin and salient video condition
responses on a visual analogue scale at baseline (B) and after each scan (nParietal 24 42 46 3.29 >0.05t
to d3, n= neutral cue; d= drug-salient cue). Responses in placebo and heroin Parietal -42 52 32 3.49 >0.05%
sessions are displayed separately, reflecting the significant effect of the drug
(see text). *P uncorrected; P corrected for whole brain comparison.

Fic. 3. SPMs of midbrain activations in the contrasts of (A) heroin versus placebo and (B) drug video versus neutral video conditions. The SPMs are displaye
on coronal slices of a canonical MRI image at (AF —26 mm and (B)y = —24 mm, with a threshold o < 0.01 for both contrasts. Mean adjusted rCBF
(mL/dL/min) in the maximally activated voxelx& 0, y = —26,z= -10 in (A), andx =0,y = -24,z= —6 in (B) are shown graphically for (C) predrug,
postheroin and postplacebo conditions, and (D) neutral and drug video conditions. Bars represent 2 SDs.

Fic. 4. SPMs and regression plots showing psychophysiological interactions between right anterior cingulate cortex and midbrain. rCBF values from the midbrai
voxelx = 0,y = —26,z = —10 were used to produce condition-specific predictor variables (i.e.separate covariates for drug video and neutral video conditions’
and the regression with the rCBF in all other brain voxels, for each condition, was calculated and contrasted in SPM96. The resulting SPMs show that tt
midbrain augments or modulates anterior cingulate, left extended amygdala/medial basal forebrain and left dorsolateral prefrontal cortex responses during
drug video condition (relative to the neutral video). A thresholdPof 0.01 was used for the SPM, which is displayed on a sagittal 6 mm) slice of a
canonical MRI image. The condition-specific changes in the contribution of the midbrain to anterior cingulate activity are illustrated by bivariate regression
plots of rCBF (mL/dL/min) from midbrainX = 0, y = —26, z= —10) and right anterior cingulat & 6, y = 34, z= 6) voxels. Broken lines represent 95%
confidence limits for the regression slope. Only in the drug video conditions is there a significantly positive regression between midbrain and anterio
cingulate activity.
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TaBLE 3. Stereotactic coordinates and statistical significance of brain activityeffect of activation of ascending neuromodulatory systems would be,

in the contrasts comparing the salient video and neutral video conditions, withy: iy . . - -
the values at the midbrain voxek= 0, y = —26, z= —10, as covariate |i’}llrectly or indirectly, to consolidate changes in synaptic plasticity

of interest. that underly the learning of addictive behaviour.
The ascending midbrain systems also exert a more classical
Brain area X y z Z-score P-value neuromodulatory effect. To demonstrate these effects we predicted
) ) ) that activation of ascending neuromodulatory systems would enhance
M?D'?;::grcnta?a"em video 48 8 24 395 <0.001 neural responses to salient visual stimuli (i.e. the drug video) in those
Basal forebrain 8 0 -16 3.22 <0.001 brain systems implicated in the processing of hedonic or valuable
Anterior cingulate 6 36 8 346  <0.001 stimuli. We used measured brainstem activation as a direct index of

activity in ascending neuromodulatory systems, and tested the predic-
tion by examining for an interaction between brain stem activity and
the presence or absence of saliency in the visual stimuli (drug versus
extending to include regions such as VTA and dorsal raphe. Theeutral video). This constituted a psychophysiological interaction.
salient drug video compared with the neutral video resulted inThe critical response characteristic from this analysis is that anterior
activation in similar and overlapping brain midbrain regio@s=( cingulate, amygdala/basal forebrain and dorsalateral prefrontal cortex
3.82,P < 0.001, uncorrected) to those of heroin itself. An additional activity discriminates positively between salient and nonsalient visual
focus of activation was found in the left insulZ € 4.56,P < 0.05, cues when, and only when, activity in the midbrain area is high.
corrected) as well as in both cerebellar hemispheres (rfjkt:5.42, Such a result is predicted if modulatory afferents from the midbrain
P < 0.05, and left:Z = 4.55, P < 0.05, both corrected). There was augment neural responses to valuable stimuli in processing regions
no interaction between heroin and the salient visual stimuli thathat are its projection targets. A psychophysiological interaction
survived correction although we report an interaction in both mediahllows inferences beyond those that can be drawn from psychopharma-
parietal cortices R < 0.001, uncorrected) for descriptive purposes. cological interactions (Fristoet al., 1992) by implicating the behavi-
There was no effect on blood flow in the temporal lobe by eitherour for which the pharmacological output, in this instance processing
heroin or salient video. of saliency, is relevant.

Results of the psychophysiological interaction are shown in Fig. 4 Our data confirm that both heroin and drug-related visual cues are
and Table 3. The interaction defined in our factorial experiment allowsassociated with a neural response in similar midbrain regions. An
us to investigate modulation. Modulation refers to a change ireffect of heroin in this region can be explained as a direct uncondi-
response to an afferent input without alteration in basal neuronaioned effect of the drug in an area known to be rich in opiate
firing levels. Regions of significant activation here indicate areageceptors (Koob, 1992; Legra@t al, 1996). Strikingly, the visual
whose actvity in response to the salient video is modulated by activitglrug cue elicited a neural response similar to that of heroin. We
in midbrain ascending pathways in response to heroin adminstratioisuggest that this effect probably reflects a direct influence, on this
A significant modulatory effect was found in the anterior cingulate,region, by regions involved in the processing of visual drug cues.
the left dorsolateral prefrontal cortex and the left extended amygdalgdimilar effects have been reported when a previously neutral stimulus
basal forebrain region. These areas show a greater response to thequires behavioural salience (Morgsal., 1997).
salient over the neutral video in proportion to activation in the Pairing a CS with an UCS results in the CS eliciting firing of DA
midbrain during the heroin as opposed to the placebo condition. neurons (Williamst al., 1993; Schultzt al,, 1997). The finding of a
response to heroin in the periacqueductal grey (PAG) and surrounding
regions that mirrored the response to a salient cue (i.e. CS) strongly
suggests that these effects in the PAG are related to conditioned
The effects of heroin and the drug video were both centred on th@rocesses intimately involved in reward dependence. These effects
midbrain in an area that has widespread and reciprocal connectiomsay be mediated via known reciprocal connectivity between the VTA
with regions that support reward-related behaviour and emotionadand PAG (Meller & Dennis, 1991). The other region of significant
learning (Bragiret al., 1984; Wyss & Sripanidkulchai, 1984; Et al., activation in response to a salient visual cue was that of the insula.
1989; Meller & Dennis, 1991; Rizvet al, 1991; Fiorinoet al., The insula has been proposed as a limbic integration cortex and in
1993). We suggest that the focus of activation for the two mainthe present context it may integrate cues with their emotional
effects appears to be in the periaqueductal grey, but it spreads televance. We suggest that activation in this region may also reflect
include the VTA. The smoothing procedure in the data analysis mearsomatic components of the anticipatory anxiety experienced by
that activations in the periaqueductal grey and VTA could not besubjects when exposed to a salient visual cue (Mesulum, 1985).
confidently resolved. Therefore we need to consider both of these A complex neural system involving the limbic—motor interface of
midbrain regions. The VTA contains the dopaminergic cell bodiesthe ventral-striatal-pallidal system has been suggested by animal
which project via the mesolimbic dopamine system, as described imodels of addiction and reward dependence (Altrearal, 1996;
the introduction. The periaqueductal grey has projections to the VTARobbins & Everitt, 1996). A parallel system subserving opiate
central and basolateral nuclei of amygdala (Meller & Dennis, 1991)withdrawal has long been recognized (Wise, 1987; Legeddal,

It receives afferents from cingulate, insular and medial prefrontall996). Models in which the activity of these two systems are seen
cortices (Braginet al, 1984; Wyss & Sripandkulchai, 1984). The as distinct may be too simplistic (Maldona@t al., 1997; Cazala,
fact that pharmacological challenge and salient visual stimulatiori984). In our study both drug and salient cues resulted in very similar
activate similar brain systems is congruent with predictions fromdirect effects on dopaminergic target sites (Bjorkland & Lindval,
theoretical accounts of value-dependent reinforcement learning (Fris984; Kim et al., 1986; DiChiara, 1995) that are also implicated in
ton et al, 1994). In this instance, heroin can be thought to havemotivational and reward-related mechanisms. However, our data have
intrinsic, or innate, value by virtue of direct access to the ascendingvider implications in that they suggest that opiate reward dependence
midbrain systems. Conversely, the drug video embodies stimuli thatould involve not only ascending brainstem pathways but also
have acquired value. In this model of reinforcement learning, themportant inputs from the PAG. Dependence on opiate-related rewards

The P-value reported is uncorrected.

Discussion
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(opiate dependence) may thus involve critical interactions betweefador, M., Robbins, T.W. & Everitt, B.J. (1989) Involvement of the amygdala

systems mediating opiate withdrawal and those mediating positive in stimulus—reward associations: interaction with the ventral striatum.
Neuroscience30, 77-86.

reinforcement. Cazala, P. (1984) Electrical self-stimulation of the mesencephalic central gray
A key feature of our experimental design is that it emulates, as area: facilitation by lateral hypothalamic stimulatidPhysiol. Behay.32,

closely as possible, real life scenarios of dependent addicts who 771-777.

encounter all the modelled combinations of presence or absence gqu;eriztﬁéﬁan'\gdg Ilﬁgtgg ' g‘u?,griiﬁ’ugépiﬁigge)ﬁgnfi;g) nedresponses

Qrug _a_nd d_rUQ_rEIated cues_. It may be that our_ design allowe_%iChiara, G. (1995p) %)'he role of dopamine in drué abuse viewed from the

insufficient time for those subjects who had been using mostly heroin perspective of its role in motivatiorug Alcohol Depend.38, 95-137.

(and little or no methadone) in a particularly chaotic manner prior tobiChiara, G. & North, R.A. (1992) Neurobiology of opiate abu3eends

admission to stabilize. However, the ward protocol is designed to Pharmacol. Scj.13, 185-193. N _

titrate and stabilize patients rapidly prior to detoxification. Having Ficrino, D.F., Coury, A., Fibiger, H.C. & Phillips, A.G. (1993) Electrical

. . stimulation of reward sites in the ventral tegmental area increases dopamine
0 ,
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of the scanning procedure, patients were neither intoxicated nor in 131-141.
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